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Résumé
Dans les réseaux logistiques de santé, les hôpitaux doivent
s’occuper efficacement de leurs patients tout en respectant
leur planning journalier et en se coordonnant les uns avec
les autres. Par exemple, en cas de saturation, les hôpitaux
peuvent avoir besoin de transférer des patients. Plus géné-
ralement, ils ont à faire face à de nombreuses imprécisions,
notamment en termes de durées effectives de leurs opé-
rations. Lorsque ces imprécisions proviennent des autres
agents hospitaliers, elles deviennent des sources d’incerti-
tude pouvant perturber le plan journalier en raison de leur
caractère incontrôlable. Ainsi, lorsqu’un plan journalier
est irréalisable, un moyen de le reconstruire est de négocier
ces opérations contrôlées par d’autres. Tout cela peut être
formalisé comme un problème multi-agents, où chaque plan
est représenté par un Simple Temporal Network with Un-
certainty (STNU), dont nous proposons de vérifier la pro-
priéte de Contrôlabilité Faible par un nouvel algorithme
identifiant le cycle fautif, et où les ontologies sont appli-
quées pour améliorer l’interopérabilité entre agents hété-
rogènes.
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Abstract
In health services networks, hospitals must take care of
their patients while satisfying their daily plan and coordi-
nating with other services. For instance, in an overcrowded
situation, hospitals may transfer patients to another one.
More generally speaking, they need to face temporal im-
precisions, in terms of effective durations of their opera-
tions. When such imprecisions come from the other agents,
they become a source of uncertainty possibly disrupting
the local plan as they are uncontrollable. Thus, when a
daily plan is no longer feasible, one way to rebuild it is
to negotiate around these operations controlled by others.
Such a problem can be formalised as a multi-agent pro-
blem, where Simple Temporal Network with Uncertainty
(STNU), which so-called Weak Controllability can be che-
cked through some new algorithm that isolates the faulty
cycle, and where ontologies are applied to enhance inter-
operability among heteregeneous agents.
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1 Introduction
Nowadays, hospitals act in their own way to try to take care
of their patient in the most efficient way depending on their
own capabilities. Even through hospitals belong to an heal-
thcare system there are few interaction between hospitals
and thus few coordination among hospitals. As an example,
such case is visible in the French healthcare system but
also in other countries. However, the covid-19 pandemic
highlighted the importance of coordination within a hospi-
tal system to respond more effectively to save more lives
in extreme situations. In France, since the covid19 pande-
mic, more and more exchanges between hospitals have ta-
ken place through patient transfers.
In a more technical sense, hospitals needs, on a daily ba-
sis, to plan their activities according to their own goals
while allocating shared resources to each task and consi-
dering potential uncertainty (patients arrival, loss of hu-
man resources, etc.). Such a plan should answer the pa-
tient needs, mainly operating, bed assignment and mana-
gement, and nurse scheduling during a clinical routine but
also in times of crisis. Delivering healthcare services during
an emergency or a crisis is very challenging. Scaling such
a problem in a multi hospital system, as a multi-agent pro-
blem, is more challenging because for one hospital other
hospitals can be source of uncertainty. For example, for a
daily plan, a patient transfer is an uncertain activity for the
hospital that receive the patient because it does not have any
control over the activity. Hence, considering such a scena-
rio, hospitals must ensure the reliability of their plans on an
ongoing basis, which can be done by inserting or at least
checking the existence of some flexibility in the plan (e.g.,
temporal slack, or availability of alternate resources). But
then such a flexibility is not always fairly distributed and it
might be appropriate for the agents to share the flexibility
among their plans.
Checking a plan consistency facing temporal uncertainties
on dates and durations can be done by using the Simple
Temporal Network under Uncertainty (STNU) model which
can check weak, dynamic and strong controllability of a
plan [11]. These three level of controllability refers to how
strong a plan is against temporal uncertainties. However,



existing algorithms for weak, dynamic and strong controlla-
bility do not identify the causes of inconsistency in a plan. ;
i.e., the temporal constraints that make the plan unfeasible.
Therefore, such model does not propose any "repair stra-
tegy" which would be needed in a multi-agent context :
usually the contingent duration that makes the plan uncon-
trollable is actually controlled by another agent with which
one could try to negotiate. Such model, can be applied in a
multi-agent context where each agent own an STNU.
In addition, in a multi-agent context, agents need a high le-
vel of interoperability during negotiation process. This can
be obtained by using semantic ontology which as been pro-
ven to enhance interoperability among different stakehol-
ders. Thus, using an ontological approach can help to for-
malize better the information that the agents will have to
exchange and reinforce the interpretation capacities of the
agents to produce consistent reasoning [1] [3].
Consequently, our work aims to provide a generic approach
of negotiation between agent’s STNU to share temporal
flexibility among agents which can be applied to a multi
hospitals context with uncertain patient transfer. More pre-
cisely, it aims at extending the STNU model to implement
informed algorithms for consistency checking that locate
the causes of inconsistency. Then, a negotiation process
must be done by the agents to repair their STNU by sharing
their flexibility among them. The negotiation process is not
the subject of this paper which is to present an inform al-
gorithm for the weak controllability problem. However, we
will discuss about the planning ontology (PO) which aims
to enhance interoperability among agents.

2 Background
We will review the definitions of Simple Temporal Net-
works (STN) [2] and Simple Temporal Networks under Un-
certainty (STNU)[6]. Then we will review in details the de-
finitions of Strong Controllability (SC), Dynamic Control-
lability (DC) and Weak Controllability (WC).

2.1 STN and STNU
An STN is a pair, (V, E), where V= [v1, v2, v3, ..., vn] is a
set of time-points representing event occurrence times, and
E a set of temporal constraints between these time-points.
A constraint Cij ∈ E is defined as follows : Cij = [Lij , Uij]
where Lij ∈ IR and Uij ∈ IR , respectively specify a mini-
mum and a maximum temporal distance between vi and vj .
A reference time-point v0 ∈ V defines the initial point in
time (e.g. 0 :00 am of the current day, or week). A STN as
another graphical representation called distance graph : for
any constraint Cij , there is one constraint from i to j with a
weight Uij and one from j to i with a weight -Lij . The STN
is inconsistent if there is a negative cycle in the distance
graph.
An STNU is an extension of a STN in order to represent
uncertain durations. Therefore a STNU is a triple (V, E, C)
where (V, E) is a STN and where C = [c1, c2, ..., cn] is a set
of uncontrollable constraints. In a STNU, a constraint e in
E is called requirement constraint or controllable constraint
and an uncontrollable constraint is called a contingent

constraint. It is the same for time-points and their possible
dates : a time-point ending a contingent constraint is said
to be contingent, others are controllable. Each constraint is
defined as in a STN with the interval Lij , Uij ] and time-
points (vi, vj).
The distance graph of an STNU is identical to the distance
graph of a STN, except for contingents, where 2 additional
labeled constraints are added, with inverse weights to those
of an STN. They represent the 2 worst cases of the contin-
gent, either taking its minimum or its maximum. An STNU
is inconsistent there exist at least one contingent that is too
restrictive on controllable constraints and make a negative
cycle in the STNU’s distance graph.

2.2 Three levels of controllability
Definition 1 (Strong Controllability) : A STNU is
strongly controllable iff there exists at least one ‘universal’
solution that fits any situation ; i.e., an assignment of
values to the controllable time-points that makes the STNU
consistent whatever the uncontrollable constraints values
are.

Definition 2 (Dynamic Controllability) : A STNU
is dynamically controllable iff, at any time t, there exists an
assignment of values to the next controllable time-points
that makes the STNU consistent whatever the remaining
uncontrollable constraints values will be.

Definition 3 (Weak Controllability) : A STNU is
weakly controllable iff for each combination of values to
the contingent constraints, there exists at least one assign-
ment of values to the controllable time-points that makes
the STNU consistent regardless of the uncontrollable
constraints values.

Despite the existence of three levels of controllability,
only the DC was supposed to be relevant in real world
contexts. Indeed, SC is too demanding, since it is usually
not necessary to fix in advance the times of each activity
start time, and it is actually almost never possible, such
decisions often depending on the durations of preceding
contingent constraints ; while WC is not realistic as it
means one would decide some activity start time based on
some kind of oracle of the durations of future contingent
durations. Thus, mainly DC was considered. However,
in multi-agent contexts WC often reveals to be relevant.
For instance in our multi-hospital context with the patient
transfer activity involving two hospital, the decision will
be known just before the coordinated execution. Thus, the
contingents duration will be known by the agents. Hence,
the agents only need to verify if there exist an execution
strategy that satisfy their STNU. In this case, the WC fit
perfectly.

3 Weak controllability
The WC is a problem which has been supposed to be co-
NP-complete by [11] which still need to be proven. In addi-
tion, algorithms for WC exist that are exponential but none



FIGURE 1 – An STNU revisited

of them are informed of the origin of the non-WC. A star-
ting point for resolving the issue of WC being not infor-
med is to change our view of an STNU graphical represen-
tation (see Figure 1). We simple distinct time-points of a
classical STNU as divergence and convergence time-points.
A convergence time-point has at least two incoming edges
while the opposite for a divergence time-point. It is possible
for a single time-point to be at the same time a convergent
and a divergent time-point.
From this distinction, any cycle in the graph starts from a
divergent time-point and ends on a convergent time-point.
Therefore, in an STNU, a cycle is the divergence of a route
r at a time-point s in two routes ri and rj , and the conver-
gence of the two routes ri and rj into a single one at time-
point t. It is explained by the graphical representation of
an STNU, which is the same as a tree with v0 as the root.
Our methodology consists in checking the controllability
of each cycle of an STNU. Consequently, we determine
the WC of an STNU by locally determining the WC of its
cycles. In this way, a cycle which is not weakly controllable
means that it contains at least one uncontrollable constraint
in ri and/or rj that needs to be negotiated. Such approach
is inform because it return the negative cycles of an STNU.
Hence, it is possible to find the contingents contained in
each negative cycle.

3.1 Local checking
To verify if a cycle is weakly controllable, we need to en-
sure that there exists at least one sequence of values that sa-
tisfies the cycle, regardless of the uncontrollable constraints
values in the cycle. The idea is to compare the worst case
scenario of ri and rj such as : the minimal duration of
ri where its uncontrollable constraints take their maximum
value, with the maximal duration of rj where its uncontrol-
lable constraints take their minimal value ; and vice versa.
Thus, if the minimal duration of ri is higher than the maxi-
mum value of rj and vice versa ; then the cycle is not
weakly controllable because there is no value of rj where ri
= ri holds. Hence, we know from this cycle that the STNU
is not weakly controllable because the cycle is a negative
cycle.

3.2 Global checking
To verify the WC of an STNU, we check the WC of all its
cycles. It is done by :

— reducing the constraints value to their minimum by
using the pseudo-controllabilty of Morris [7] : an
STNU is pseudo-controllable if it is consistent in
the STN sense and none of the contingent links are
squeezed.

— considering uncontrollable constraints in both direc-
tions in the graph to get all possible cycles. Indeed,
if contingents are not considers in both direction
then the algorithm cannot cover all possible path
present in the STNU’s distance graph. There is no
need to consider controllable constraint in both di-
rection cause only contingents are source of the non
consistency of an STNU.

— combining a backward search with a forward
search : for each divergent time-point from last to
first (backward search) get all of its cycles (forward
search).

Algorithme 1 : WC-Checking algorithm
Input : X : STNU(V,E,C)
Output : Boolean

1 G = PseudoControllability(STNU)
2 divergents = getDivergents(G)
3 for each divergent in divergents) do
4 cycles = getCycles(G, divergent)
5 for each cycle in cycles do
6 if checkCycleWC(cycle) == False then
7 return False

8 return True

Algorithm 1 summarize the new algorithm to check WC (it
can be modified to return any inconsistent cycle).

3.3 Experiments
We compared our algorithm with the existing (exponential)
one on a very large scale number of arbitrary STNUs with
different numbers of nodes and different sizes of contingent
durations. Results are that both algorithms provide the same
answer, which shows our algorithm works. Compared to the
other one, our algorithm is informed and can also return all
cycle that are not weakly controllable, which can be nego-
tiate. Regarding time complexity, our algorithm depends on
the graph density. Thus, in realistic graph, the number of
cycle is should be more polynomial than exponential but its
still need to be tested.

4 Ontology
Another problem arises when agents are heterogeneous
with respect to notions such as urgency, flexibility or cri-
ticity, to cite a few. A ’high-level’ of flexibility may not
mean the same thing for two distinct agents. Negotiating
then becomes harder, as it requires some level of semantic
interoperabiility.



Ontologies have been identified as an effective means to
implement semantic integration and to achieve informa-
tion interoperability. They offer the richest representations
of machine-interpretable semantics for systems and data-
base. They serve as both knowledge representation and as
a mediation to enhance interoperability in heterogeneous
systems. Three main levels of abstraction of knowledge re-
presentation exist :

— The Upper-level ontology (ULO), which describes
general concepts across all domains by providing
a hierarchy and rules. In fact, such ontology repre-
sents the highest level of abstraction to describe the
world.

— The middle-level ontology (MLO) is the bridge
between the abstract concepts and the detailed
one from specific domains. Generally, such onto-
logy provides more description about the abstract
concepts such as time, space and relation between
entities.

— The domain-level ontology (DLO) which describes
concepts from a specific domain. Such definition is
the one with the lowest abstraction.

Regarding upper-level ontology, we based our work on
BFO (Basic Formal Ontology) [9] a realistic, formal and
domain-neutral upper-level ontology. BFO is designed to
represent at a very high level of generality the types of en-
tities that exist in the world and the relations that hold bet-
ween them. Such a choice of ULO is explained by the need
of a realistic representation of the world as it is and that
the descriptions are universal, i.e., concepts are defined in a
natural way that abstracts or generalizes over similar parti-
cular things such as : person, material entities, process, etc.
Thus the BFO approach that focuses on what is universal in
the reality is the best choice. Then as a MLO, the IOF-core
ontology [4] [5] from the Industrial Ontologies Foundry is
chosen. Based on BFO, it contains universal definitions of
the industrial domain, which is similar to the healthcare do-
main. In addition, our ontology must incorporate concepts
from planning and scheduling domain, which IOF-core al-
ready has a first version of. Thus, it needs to be extended to
have a full version of a planning and scheduling ontology.
Table 1 provides some terms of planning and scheduling
aligned under IOF-core.

5 Conclusion and future work
This paper considers the problem of patient care in a mul-
tiple hospital architecture where hospitals share resources
and negotiate their flexibility to ensure the validity of their
daily plan. STNU is an efficient way of representing a daily
plan of an hospital and checking its consistency. Howe-
ver, current algorithms for controllability checking (WC,
DC and SC) are not suitable in providing repair strategies.
Considering only WC, we presented a more efficient algo-
rithm for checking WC by arguing its relevance in a multi-
agent context where some shared events may be control-
lable by some agent and uncontrollable for the others. The
proposed algorithm is informed, which is suitable for pro-

viding repair strategies for STNU.
On the other hand, some work in progress for modeling
an ontology joining planing and scheduling domain with
healthcare domain under the BFO upper-level ontology is
proposed. The ontology aims to enhance interoperability
among hospitals during the negotiation process.
Regarding future work, we aim to provide an efficient repair
strategy by negotiating flexibility on contingent activities.
Several ideas need to be studied such as : finding a Nash
equilibrium strategy to satisfy agents involved in the nego-
tiation, a contract net protocol for a centralized negotiation
where the agent owning the non-controllable STNU acts as
the manager during the negotiation ; and the work of Pose-
nato et al that adds flexibility on contingent constraints to
facilitate negotiation of flexibility [8]. Moreover, the nego-
tiation approach must incorporate the ontology as its core
for interoperability. Thus, some work must be done in com-
bining both the ontology and a negotiation method to pro-
vide a semantic negotiation approach [10].
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